Osteocalcin is a bone matrix protein that has been associated with several hormonal actions on energy and glucose metabolism. Animal and experimental models have shown that osteocalcin is released into the bloodstream and exerts biological effects on pancreatic beta cells and adipose tissue. Undercarboxylated osteocalcin is the hormonally active isoform and stimulates insulin secretion and enhances insulin sensitivity in adipose tissue and muscle. Insulin and leptin, in turn, act on bone tissue, modulating the osteocalcin secretion, in a traditional feedback mechanism that places the skeleton as a true endocrine organ. Further studies are required to elucidate the role of osteocalcin in the regulation of glucose and energy metabolism in humans and its potential therapeutic implications in diabetes, obesity and metabolic syndrome. Arq Bras Endocrinol Metab. 2014;58(5):444-51 Keywords Osteocalcin; undercarboxylated osteocalcin; metabolic syndrome; glucose; energy metabolism; diabetes; obesity; leptin; insulin; adiponectin RESUMO A osteocalcina é uma proteína da matriz óssea que tem sido implicada com várias ações hormonais relacionadas à homeostase de glicose e ao metabolismo energéti-co. Modelos animais e experimentais têm demonstrado que a osteocalcina é liberada do osso para a circulação sanguínea e age nas células betapancreáticas e no tecido adiposo. A osteocalcina decarboxilada é a isoforma hormonalmente ativa e estimula a secreção e sensibilidade à insulina no tecido adiposo e muscular. A insulina e a leptina, por sua vez, atuam no tecido ósseo modulando a secreção da osteocalcina, formando uma alça de retroalimentação tradicional em que o esqueleto torna-se um órgão endócrino. Novos estudos ainda são necessários para elucidar o papel da osteocalcina na regulação glicêmica e no metabolismo energético em humanos, com potenciais implicações terapêuticas no tratamento de diabetes, obesidade e síndrome metabólica. Arq Bras Endocrinol Metab. 2014;58(5):444-51 Descritores
INTRODUCTION
T raditionally, the skeleton is responsible for the support and locomotion of an organism. However, besides its mechanical properties, bone has emerged as a regulator of a number of metabolic processes that are independent of mineral metabolism. In fact, the skeleton has been considered an endocrine organ because of its capacity to secrete osteocalcin, a bone-specific protein, which has been implicated in the energy and glucose homeostasis (2) . In 1996, Ducy and cols. (1) described increased visceral fat and insulin resistance in osteocalcin-deficient mice (Osn These findings remained unexplained until 2007, when Lee and cols. (2) looked for genes expressed in osteoblasts encoding signaling molecules that could affect energy metabolism. These pioneering studies were the first to demonstrate the endocrine regulation of energy metabolism by the skeleton.
In this article, we review the current knowledge on the importance of the Embryonic stem cells phosphatase (Esp) gene, expressed in osteoblasts and Sertoli cells. It is responsible for the receptor-like protein tyrosine phosphatase [OST-PTP] synthesis -The Osteocalcin gene, which is exclusively coded by osteoblasts and is responsible for the osteocalcin production as well as the GPRC6A gene -coded by the pancreatic beta-cells and regulates osteocalcin receptor synthesis. Furthermore, the most relevant epidemiological and clinical studies that have shed light on osteocalcin and its association with energy and glucose abnormalities will be discussed.
THE BONE AND ENERGY HOMEOSTASIS
Hormone release is normally under control of endocrine feedback mechanisms between the site where the hormone is produced and the target organ or tissue where it acts. The adipocyte-derived hormone leptin is recognized as one of the most important regulators of bone remodeling, which emerged evolutionarily with the vertebrate animals (3). Ducy and cols. (4) discovered that leptin exerts a negative control on bone accrual mass, as leptin-deficient mice have a high bone mass, even in the presence of hypogonadism. This leptin effect is exerted through a hypothalamic relay using two neural mediators, the sympathetic tone and CART ('cocaine amphetamine regulated transcript'), both acting on the osteoblast (5). This effect involves leptin transportation through the blood-brain barrier and it's binding to specific receptors in serotoninergic neurons of brainstem, inhibiting the serotonin synthesis (6) . The serotonin is a positive regulator of appetite and an inhibitor of catecholamine synthesis from hypothalamic neurons, actions that favor bone mass accrual (7) . When leptin acts, appetite is inhibited and the central sympathetic tone is released. As a consequence, bone formation is impaired, since osteoblasts are inhibited when catecholamine binds to their beta-2 adrenergic receptors, as investigated only in animal models (7, 8) (Figure 1 ).
OSTEOCALCIN
Osteocalcin is a 49 amino acid peptide synthesized exclusively by the osteoblasts and stored in the bone mineral matrix as hydroxyapatite crystals. It was recognized as a marker of bone formation at the time of its discovery and biochemical characterization (9) . It is encoded by a specific gene codified in 1989 and located in the short arm of chromosome 12 (12p). The gene spans 3.9 kilobases of chromosomal DNA, with four exons separated by three large intervening sequences. Its promoter region reveals the presence of a number of putative regulatory sequences and vitamin K transcription factor responsive elements. The pre-pro-molecule consists of 84 amino acids that lose the propeptide in a vitamin k-dependent posttranscriptional process (10) . It becomes gamma-carboxylated on three glutamic acid residues, forming the so-called Gla bone protein that has a high affinity to the hydroxyapatite mineral osteoid matrix (11) .
The real physiological importance of the Gla bone protein is not completely understood, since animal models with gain or loss of its function do not show changes in bone phenotype. In a process of acidification of the bone mineral matrix in the reabsorption lacunae, the carboxylated osteocalcin would lose its glutamic acids. Therefore, reduces the bone affinity of the peptide and gives rise to undercarboxylated Figure 1 . Endocrine feedback mechanism between bone and energy glucose metabolism. The leptine binding to serotoninergic neurons of brainstem, inhibiting the serotonin and releasing the central sympathetic tone. As a consequence, impairing the bone mass accrual and osteocalcin synthesis. In bone, the insulin stimulates the secretion of undercarboxylated osteocalcin, which improves the proliferation of pancreatic β cells and insulin secretion, and increases adiponectin production on fat cells, resulting in increasing insulin sensitivity. osteocalcin, the hormonally active form that is released into the bloodstream (9, 11, 12) .
The evidence for influence of osteocalcin in the glucose metabolism was demonstrated in Osc -/-mice. The phenotype of insulin resistance, hyperglycemia, obesity and lower energy expenditure observed in these animals is reversed by administration of osteocalcin. Undercarboxylated osteocalcin stimulates proliferation of pancreatic beta-cells and insulin secretion In vitro, and increases adiponectin production on fat cells, resulting in increased insulin sensitivity. Taken together, these actions reveal a positive feedback mechanism between pancreatic beta-cells, adipose tissue and bone, with the insulin enhancing the production of undercarboxylated osteocalcin, which in turn enhances insulin production and sensitivity (13, 14) .
EMBRYONIC STEM CELLS pHOSpHATASE (ESp) GENE
The Esp gene encodes the osteotesticular protein tyrosine phosphatase (OST-PTP) in osteoblasts and Sertoli cells of mice (15) . This protein is a transmembrane receptor highly regulated in bone cells and essential to osteoblast differentiation and mineralization. It was discovered in 1994 and subsequent studies implicated OST-PTP in the negative transcriptional regulation of insulin receptor in the osteoblasts (15, 16) . Animal models with specific deletion of the Esp gene in the osteoblasts (Esp -/ -) show beta-cell proliferation, increased insulin secretion and sensitivity, increased adiponectin concentrations and hypoglycemia. Esp -/ -mice also exhibit high concentrations of undercarboxylated osteocalcin, indicating that OST-PTP negatively modulates the osteocalcin decarboxylation (16) . This phenotype resembles that observed in osteocalcin knockout animals (Osc
) and is partly reversible with the deletion of one allele of the osteocalcin gene (2) .
It has been shown that Insulin binds to its tyrosine kinase receptor expressed in osteoblasts and stimulates the production of undercarboxylated osteocalcin by two different mechanisms: [1] enhancing the osteocalcin gene transcription and [2] reducing the osteoprotegerin synthesis and the Esp gene expression (15, 16) . Osteoprotegerin is the receptor that binds to RANKL on osteoblast/stromal cells, blocking the RANKL-RANK interaction and the osteoclast precursors, with a consequent reduction of osteoclasts production and bone resorption (17, 18) . As a consequence of low osteoprotegerin production, osteoclasts are stimulated, enhancing the acidification of the bone mineral matrix in the reabsorption lacunae and increasing the undercarboxylated osteocalcin release. In this process, the carboxylated osteocalcin loses its glutamic acids and, consequently, reduces its bone affinity, which facilitates its secretion into the bloodstream in a metabolically active isoform (Figure 2 ).
pTp1B: THE HUMAN EQUIVALENT pROTEIN OF OST-pTp
Based on the well-established down regulation mechanism exerted by the PTP 1B (protein tyrosine phosphatase) on the human insulin receptors present in myoblasts and hepatocytes, Ferron and cols. (17) postulated that human PTP1B would correspond to the OST-PTP seen in mice. Molecular analysis allowed that PTP 1B performs in human osteoblasts the function that OST-PTP performs in mouse osteoblasts and recognized that its inhibition, uniquely in these animal cells, lead to the same phenotype observed by Lee in models Esp -/ -. He proved that insulin signaling in human osteoblasts controls OPG expression as it does in mouse osteoblasts. Evaluating three patients with an autosomal dominant form of osteopetrosis they observed increase in osteocal-cin carboxylation and decrease in insulin blood level. The circulating undercarboxylated osteocalcin was significantly decreased in all patients, as were serum insulin levels measured after feeding. Thus, Esp gene product PTP1B inactivates the osteocalcin and interferes with the energy metabolism by inactivating the insulin receptor (Figures 3 and 4) (17) .
IDENTIFYING THE pANCREATIC RECEpTOR OF OSTEOCALCIN: THE ROLE OF GpRC6A
The GPRC6A is a member of the G protein-coupled receptors sensitive to pertussis toxin. When activated, it is capable of phosphorylating key proteins of insulin secretory pathway in the pancreatic beta-cells (21) . Min Pi and cols., studying animal model with GPRC6A deletion, observed a complex phenotype involving multiple systems and including osteopenia, hepatic steatosis, glucose intolerance and insulin resistance (22) . These authors postulated that pancreatic beta-cells could have an equivalent of this receptor, sensible to the actions of undercarboxylated osteocalcin. From several experiments using human embryonic cells, mouse pancreatic beta-cells and GPRC6A deficient mice, they found that GPRC6A mediates responses to osteocalcin in beta-cells in vitro and pancreas in vivo. These preliminary data suggested GRPC6A as the biologically relevant receptor for osteocalcin on human pancreatic beta-cells (23) .
BONE AS AN ENDOCRINE ORGAN: HUMAN STUDIES
Epidemiological studies in humans have been carried out to examine the association between osteocalcin and several metabolic parameters, such as glycaemia, insulin secretion, lipid profile, visceral fat, body mass index and vascular inflammation. These studies have added information on the potential impact of the skeleton, via osteocalcin, in the energy regulation and glucose metabolism.
Osteocalcin levels and metabolic parameters in humans
Jee-Aee and cols. (24) investigated the association between osteocalcin and glycemic indexes in 339 postmenopausal women with and without diabetes. They found a significant association between higher serum levels of osteocalcin with insulin sensitivity (estimated by the homeostasis model assessment of insulin resistance index -HOMA-IR), lower glycemic index and glycated hemoglobin (HbA1c). In addition, osteocalcin concentrations were significantly lower in patients with diabetes.
The MrOS study from Sweden, evaluated over 1,000 diabetic and non-diabetic elderly men (mean age 75 years-old) and found that serum osteocalcin levels were an independent negative predictor factor for plasma glucose concentrations, according previous data in animal models (25) . Posterior crosssectional analysis involving 380 adults aged 65 years or more found a negative correlation between metabolic parameters and osteocalcin levels (26) . In this report, 198 patients were followed for three years and those with high basal levels of osteocalcin had lower increase in plasma glucose during the follow -up (26) . These results were later corroborated by a large cohort study that evaluated more than 2,760 elderly men and found lower levels of osteocalcin in the presence of metabolic syndrome, as well as worse glycemic and insulin sensitivity indexes (27) .
Kanazawa and cols. demonstrated an inverse correlation between higher levels of osteocalcin and mar kers of atherosclerosis (lower ankle-brachial in- dex and increased intima-media thickness), suggesting that osteocalcin might be implicated in the atherosclerotic disease (28) . Other observational study in 102 patients younger than 40 years old identified a negative association between osteocalcin levels and acute myocardial infarction (29) . In a Chinese study with more than 500 individuals with and without diabetes, a negative correlation between osteocalcin levels and lipid metabolism was observed (30) .
García-Martín and cols. (31) conducted a study in 54 healthy non-diabetic postmenopausal women to investigate whether serum osteocalcin could be a marker of metabolic risk. They found a positive association between osteocalcin with fasting glucose, LDL cholesterol and obesity, and also reported on that serum osteocalcin concentrations lower than 13.5 ng/mL have a sensitivity of 85.7% and specificity of 63.8% in detecting increased risk of diabetes.
Osteocalcin levels and insulin sensitivity were correlated in a small group of obese women, who were subjected to intervention with hypocaloric diet and/or physical activity for 16 weeks (32). The results showed that physical activity provided a better response in the elevation of serum osteocalcin than diet alone, even with a lower weight loss in the former group. The reduction of visceral fat was the best independent predictor of change in osteocalcin levels, which was positively correlated with insulin sensitivity. Taken together, these results would suggest that physical activity improves insulin sensitivity by increasing serum osteocalcin levels (32) .
A large observational study correlated osteocalcin levels with adipokines (leptin and adiponectin) and markers of metabolic syndrome, body fat and physical activity (33) . A total of 1,284 Afro-Americans and 1,209 non-Hispanic whites individuals were evaluated and, in both populations, osteocalcin was inversely related to leptin and metabolic markers, such as body mass index, waist circumference, blood glucose, insulin and triglycerides, and directly related to adiponectin. In this study, the worse the severity of the metabolic syndrome the lower levels of osteocalcin were found, independently of the glycemic changes (33) . More recently, Bao and cols. (34) confirmed in a large cohort of Chinese men that visceral fat was inversely related to osteocalcin levels, independently of blood glucose and total body fat.
The association between glucose homeostasis and osteocalcin was also investigated in women with gestational diabetes mellitus (GDM). Interestingly, the results were not consistent with studies in other populations. Osteocalcin levels were elevated in GDM compared to non-diabetic pregnant women and they normalized in the postpartum period. It has been suggested that these findings would correspond to an adaptive mechanism to fight against the insulin resistance of GDM, but a direct effect of hyperinsulinemia on osteocalcin secretion could not be ruled out during this period (35) .
Human studies involving undercarboxylated osteocalcin
Epidemiological studies have specifically examined the association of metabolic parameters with serum undercarboxylated osteocalcin levels, the hormonally active form of osteocalcin, but the results are not uniform and were not demonstrated in all studies (36) (37) (38) (39) (40) . An important limitation of these studies is the lack of homogeneity and established specificity of commercially available assays to detect the undercarboxylated osteocalcin isoform (41-43).
Hwang and cols. (36) found a significant association of higher tertiles of undercarboxylated osteocalcin levels with the lowest glycemic indexes and improved insulin sensitivity. Corroborating these findings, a study involving 180 diabetic men demonstrated an inverse correlation between undercarboxylated osteocalcin and fasting glucose, HbA1c, total body and visceral fat. However, these associations were not observed in a group of postmenopausal women (37).
Schafer and cols. (44) investigated if the osteoporosis treatment could influence the undercarboxylated osteocalcin levels and its impact on body fat and glycemic indexes. In their study, the therapeutic use of human recombinant parathyroid hormone (hrP-TH 1-84) and alendronate were compared in 97 osteoporotic postmenopausal women. The anabolic treatment with hrPTH 1-84 increased undercarboxylated osteocalcin levels after three months, whereas the anti-resorptive treatment with alendronate reduced them. The elevation of undercarboxylated osteocalcin was inversely related to body weight and total fat mass after 12 months of treatment, and directly related to adiponectin increase. There was no correlation with leptin levels or glycemic indexes (44) .
An interventional study in 28 obese middle-aged men, with and without diabetes, submitted to two types of exercise (aerobic and power), examined the changes in glucose levels, HbA1c, adiponectin, undercarboxylated and total osteocalcin, pre and post-exercise. The two types of exercise were effective in reducing the glycemic index, but only aerobic activity was able to increase undercarboxylated osteocalcin. In the subgroup with diabetes, the increased percentage of undercarboxylated osteocalcin was the main predictor of the reduction of glucose levels after exercise. These results suggested that improvement of glucose metabolism after exercise could be partly explained by the increase of undercarboxylated osteocalcin (45) .
Pollock and cols. (46) assessed changes in bone mineral density (BMD), glycemic and lipid indexes, levels of undercarboxylated and total osteocalcin, and central adiposity in children with and without pre-diabetes. A group of 140 sedentary overweight children were subjected to an intervention with physical activity for six months. The pre-diabetes subgroup had lower total body BMD, independently of the total weight, with an inverse correlation between BMD and the visceral and subcutaneous abdominal fat. Subsequently, the same group of researchers (47) reported on lower levels of undercarboxylated and total osteocalcin in the pre-diabetes children, who also exhibited worse insulin secretion and insulin sensitivity indexes. The authors suggested that lower undercarboxylated osteocalcin levels in pre-diabetic children may be partly responsible to impairment of beta-cell function. In agreement, other group of researchers showed that weight loss in obese children is associated with improvement on insulin sensitivity and elevation of serum osteocalcin concentrations (48) .
OSTEOCALCIN: A pOTENTIAL THERApY FOR METABOLIC SYNDROME AND TYpE 2 DIABETES?
The experimental and epidemiological data available to date suggest a role of undercarboxylated osteocalcin as a positive modulator of insulin secretion and sensitivity. As mentioned by Ducy (49), Clemens and Karsenty (50), we are now dealing with a new pharmacological perspective, as osteocalcin may have a positive impact in the therapy of metabolic syndrome and diabetes mellitus. However, there is a long way to pursue, as up to now no clinical trial using osteocalcin in humans has been published and even in animals, the osteocalcin administration have been tested in only two models (19) .
In the first model, subcutaneous infusion of osteocalcin was administered to mice subjected to a high-fat diet, resulting in less weight gain, improved insulin sensitivity and glycemic index, and correction of hypertriglyceridemia, in comparison with paired mice treated with vehicle (19) . In the second model, mice with hyperphagia induced by damage of the arcuate nuclei and treated with recombinant osteocalcin had lower weight gain and improved insulin sensitivity in comparison to controls. Mice treated with osteocalcin remained euglycemic, in contrast to the other group treated with vehicle, which became obese and developed metabolic syndrome. In both experimental models, the beneficial effects of osteocalcin on carbohydrate metabolism occurred without changes in appetite, consistent with the lack of osteocalcin effect on the leptin gene expression (19) .
CONCLUSION
The discovery of osteocalcin has opened a new perspective on the interactions between the skeleton and several tissues associated with energy homeostasis and glucose metabolism, such as pancreatic beta-cells, adipose tissue and the brain, confirming the bone as a true endocrine organ. The results with osteocalcin are more evident than the undercarboxylated isoform, probably due the lack of standardization of the assays. All the knowledge on the components of these new hormonal loops, shed light on the potential for new therapeutic interventions for high prevalent endocrine disorders, such as obesity, diabetes and metabolic syndrome.
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